strongly correlated with CO 2 respiration in soils with certain organic amendments (Agbim et al., 1977) . Several soil CO 2 respiration tests have been reported to correlate well with soil tests for labile or mineralizable N (Franzluebbers et al., 2000; Haney et al., 2001; Franzluebbers et al., 2018) and tests for total organic C (Franzluebbers and Stuedemann, 2003) . A test for soil CO 2 respiration was well-correlated with a 24-d incubation measuring biological N mineralization and with forage N uptake (Haney et al., 2001) . Although soils with high respiration rates may not always be "healthier" or mineralize more N, the correlation between soil microbial respiration and biological N mineralization is frequently strong, suggesting that tests for soil microbial respiration will be relatively reliable in predicting N mineralization.
The Solvita CO 2 -Burst test was initially designed to quantify the relative differences in CO 2 respiration between varying types of compost by way of a CO 2 -sensitive gel probe, but its use for easy and rapid measurement of CO 2 respiration in soils was recognized soon after its introduction (Haney et al., 2008a (Haney et al., , 2008b Haney and Haney, 2010) . A different probe for lower CO 2 concentrations was developed for use in soils. The Solvita Soil CO 2 -Burst (SSCB) test takes 24 h to complete and is conducted at room temperature. A sieved and dried soil sample is placed in a jar and rewetted to field capacity. Then, a gel-embedded CO 2 -sensing probe is placed in the jar and the jar is sealed. The CO 2 released on rewetting (presumably from microbial activity) reacts with the probe's gel causing a color change. The extent of color change is related to the CO 2 concentration in the jar headspace over a range of 0 to 3% CO 2 (Chitrakar et al., 2006) . The amount of CO 2 in the headspace is measured subjectively by matching the probe's color to a color chart or quantitatively with a digital color reader. Since the CO 2 concentration is an exponential function of the raw color value, the color reading is a log transformation of CO 2 concentration. The digital color reader converts the CO 2 concentration from color to mass (mg) by means of the Ideal Gas Law, taking into account the jar headspace minus the soil + water absolute volume and assuming a pressure of 0.101 MPa at 22°C. As concentrations of CO 2 in the jar approach and exceed 3% CO 2 , the color (optical density) becomes increasingly saturated and soil dilution is recommended in these cases (Solvita, 2017) .
As an assessment of soil CO 2 respiration, the SSCB test has been evaluated in various crop and grassland systems (Goupil and Nkongolo, 2014; McDonald et al., 2014; Castro Bustamante and Hartz, 2016; Sadeghpour et al., 2016; Sciarappa et al., 2017; Mureva and Ward, 2017; Ward et al., 2017; Bamber et al., 2018; Chahal and van Eerd, 2018; Norris et al., 2018) . The SSCB test is positively and significantly (P < 0.05) correlated with SOM (McDonald et al., 2014; Castro Bustamante and Hartz, 2016; Sadeghpour et al., 2016; Rogers et al., 2018) , soil total organic C and N (Haney et al., 2012; McDonald et al., 2014) , soil N mineralization (Haney et al., 2008b; McDonald et al., 2014; Castro Bustamante and Hartz, 2016; Rogers et al., 2018) , plant-mineralizable N (Norris et al., 2018) , soil water-extractable organic C and N (Haney et al., 2012; Castro Bustamante and Hartz, 2016) , soil P mineralization (Haney et al., 2008b) , and chloroform fumigation extraction microbial biomass C (Chatterjee and Acharya, 2018) .
As a predictor of plant growth or crop yield, however, there are few peer-reviewed reports of the SSCB test under field conditions and the results are mixed. No correlation or consistent trend between marketable crop yields and the SSCB test was observed in annual cropping systems in California or Ontario (Castro Bustamante and Hartz, 2016; Chahal and van Eerd, 2018) or between SSCB-C concentrations and aboveground primary productivity in South African perennial grasslands . Across different locations in the Virginia Coastal Plain, SSCB-C concentrations were positively, but weakly, correlated to relative maize (Zea mays L.) yields (Norris et al., 2018) and wheat grain yields in the 0-kg N ha −1 fertilization treatment (Bamber et al., 2018) . To date, there have been no peer-reviewed reports of evaluating the SSCB test in turfgrass systems, but it has been evaluated in grassland soils in Ireland (McDonald et al., 2014) and in South African grasslands (Mureva and Ward, 2017; Ward et al., 2017) .
Although there are several tests that can measure various forms of soil N (e.g., ammonium, nitrate, organic N, water-extractable N, and total N) or soil CO 2 respiration, none are currently used to guide N fertilization of turfgrasses. The lack of an objective test to estimate a soil's potential N-supplying capacity during the growing season for turfgrass has resulted in N fertilization practices that are based on subjective visual assessments or those that follow historical patterns without much, if any, change from year to year. Without an objective guide that adjusts N recommendations for different species, environments, and managements (Tremblay et al., 2012; Hatfield and Walthall, 2015) , these current fertilization practices are basically "guessing" at what amount or rate of N is required to meet growth or quality goals. For cool-season turfgrasses that are fertilized, it is common for recommendations to suggest between 24.5 and 49 kg N ha −1 per application with two to four applications per year.
The Illinois Soil N Test (ISNT) has been shown to correlate with turfgrass performance and can be used to predict the likelihood of turfgrass performance equaling or exceeding urea response benchmarks (Geng et al., 2014) . The ISNT, however, requires very specific heating conditions for consistent results and has not been adopted by many soil testing laboratories even though the potential organic fertilizer were raked into the aerification holes by hand. Prior to this study, the same organic fertilizer was applied to the plots from 2007 through 2012, except for 2011.
Additional treatments included a nonfertilized control (0 kg N ha −1 yr −1 ) and four rates (50, 100, 150, and 200 kg N ha −1 yr −1 ) of urea [CO(NH 2 ) 2 ] applied by hand in equal split applications (May, June, September, and October) . A 45-0-0 (N-P-K) urea fertilizer with NutriSphere-N (The Andersons Golf Products) was used in 2014 and 2015, whereas a 25-0-5 (N-P-K) 50% slow-release (polymer-coated) urea fertilizer with muriate of potash and iron sucrate (LESCO) was used in 2016. The change from the soluble to slow-release form of urea was to follow current industry practice. Prior to this study, the urea treatment plots were fertilized at the abovementioned rates yearly from 2008 through 2013 (except for 2012) with the 45-0-0 (N-P-K) urea fertilizer. The purpose of including urea treatments was to establish benchmark values so that turfgrass responses from organic fertilizer plots could be compared with responses from a known urea rate. After each urea application, plots were irrigated if no sufficient rain was imminent. Phosphorous as triple superphosphate [Ca(H 2 PO 4 ) 2 ] and K as muriate of potash (KCl) were applied by hand on the urea-only and control plots at the first N application date each year of the study to supply 21.4 and 40.7 kg ha −1 yr −1 of P and K, respectively. The same P and K rates and sources were applied prior to the study on these plots from 2008 through 2013.
Plots were mowed with a riding mower (Scag Tiger Cub with a 1219-mm width of cut, Scag Power Equipment) to a height of 75 mm as needed and clippings were returned. Once a month, however, clippings were removed and collected so that yields and foliar N concentrations could be determined (described below). Supplemental irrigation was applied as needed to prevent wilt (this was infrequent). Control for broadleaf and grassy weeds included: prodiamine [2,6-dinitro- 
Data Collection and Sampling Procedures
Turfgrass growth was measured as clippings yield and quality indicators included normalized difference vegetative index (NDVI), chlorophyll index, clippings total N concentrations, and clippings total N uptake. Beginning in May 2014, NDVI and chlorophyll index readings were taken from all plots approximately every 2 wk throughout the growing season (late April or early May until October or November) (FieldScout utility of the ISNT has been known since 2001 (Khan et al., 2001) . The permanganate-oxidizable carbon (POXC) test (Weil et al., 2003) measures a labile or active C fraction in soils and is positively correlated with various measures of turfgrass response (Geng et al., 2014) . This test is becoming more popular in agronomic soil health assessments but has not been adopted for guiding turfgrass fertilization.
A simple, relatively inexpensive, and reasonably reliable soil test that quantifies a soil's N mineralization potential via soil CO 2 respiration could be of great benefit in developing more accurate N fertilization recommendations for turfgrass. Such a test would reduce the chance of under-or overfertilization of the turfgrass sward, which can lead to poor quality turf or economic and environmental quality losses and can increase the incidence and severity of certain weeds, insects, and diseases.
Because of a lack of literature on the use of the SSCB test under field conditions in general, and with turfgrasses specifically, the first objective of this study was to determine if turfgrass growth and quality could be predicted by SSCB-C concentrations from a single spring soil sample (which is consistent with current industry practices for soil sampling). If turfgrass response was correlated with SSCB-C concentrations, a second objective was to determine the probability of turfgrass response equaling or exceeding the response from benchmark urea N rates in relation to SSCB-C concentrations. To begin to work towards improved N fertilization recommendations for turfgrass, a final objective was to use these SSCB-C concentrations to categorize soils by their probabilities of equaling or exceeding urea benchmark responses.
MATERIALS AND METHODS

Field Plot Layout and Management
A field experiment was conducted at the Plant Science Research and Education Facilities at the University of Connecticut, Storrs, CT (41°47¢ N, 72°13¢ W; 203 m asl) from 2014 through 2016. The plots were located on a Paxton fine sandy loam soil (a coarse-loamy, mixed, active, mesic Oxyaquic Dystrudepts) and were initially established in 2007 with separate stands of a turf-type tall fescue blend (including the cultivars 'Crossfire II', 'Dynasty', and 'Shortstop II') and Kentucky bluegrass ('America'). Kentucky bluegrass was seeded into the plots at a rate of 2.2 kg ha −1 and tall fescue at a rate of 6.7 kg ha −1 . Nested within these separate stands were randomized complete block designs with three replicates. Plot size was 1 ´ 1 m. Treatments were rates of an organic fertilizer (Suståne all natural 5-0.87-3.3 [N-P-K] with the total N grade of 5% composed of 0.4% ammoniacal N, 0.4% water-soluble organic N, and 4.2% waterinsoluble organic N; Suståne Natural Fertilizer) to supply 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1500, and 2000 kg N ha −1 yr −1 . For this study, the organic fertilizer was applied by hand in the fall of 2013, 2014, and 2015. Before application, the plots were solid-tine aerified (15.9 mm) (Toro Greens Aerator 09010 and Procore 648, The Toro Company) and after the application the TCM 500 NDVI Turf Color Meter and FieldScout CM 1000 chlorophyll meter, Spectrum Technologies, respectively). Ten measurements were taken from each plot and average measurements were recorded for each plot on each date. All measurements were taken on dry days between 1000 and 1400 h. Chlorophyll index measurements were taken with the meter positioned ?1 m above the turf canopy.
From 2014 to 2016, clipping yields were obtained from all plots once a month from May through October immediately after reflectance measurements (either on the same day or on the day after) using a self-propelled push mower (Toro SR4 Super Recycler with a 533-mm width of cut, The Toro Company) set at an 83-mm height with a bag attachment. The harvest area was 0.25 m 2 . The harvested clippings were oven dried at 65°C for a minimum of 48 h and weighed. After dry weights were obtained, grass clippings samples from different months within the same year and from the same plot were bulked into a single sample to save on analytical expenses. Clipping samples were ground to pass a 0.5-mm sieve (Cyclone Lab Sample Mill, UDY Corporation). Samples were analyzed for total N concentrations using the combustion method described by Bremner (1996) by using a combustion analyzer (LECO TruMac CN Macro Determinator, LECO Corporation). Monthly clipping dry weights were summed within each year for each plot. Clippings N uptake was determined by multiplying the yearly foliar N concentration by the yearly sum of total clippings dry weights for each plot.
Soil samples were taken from the plots in the spring of each year before treatments were applied and before any turfgrass response measurements were taken. Ten soil cores were collected from each plot to a depth of 10 cm below the thatch layer using an 18-mm-diam. soil probe and combined into a single sample. Cores were then air-dried and sieved to 2 mm without grinding. Soil samples from the control and organic fertilizer plots were analyzed for SSCB-C concentrations using the Solvita gel system (Woods End Laboratory) and guidelines at the time (Brinton, 2013) within 1 mo of collection. Briefly, a 40-g soil sample was placed in a 50-mL plastic cup with four small holes in the bottom. This small cup was placed inside a 250-mL glass jar. Twenty milliliters of deionized water was placed in the bottom of the glass jar (not in the small plastic cup), and water travelled through the holes in the plastic cup and up the soil sample via capillary action until field capacity was achieved. A colorimetric gel probe for measuring low concentrations of CO 2 was placed in the glass jar when the water was added and the glass jar was sealed tightly with a siliconegasketed lid. The jar was incubated at room temperature for 24 h. After incubation, the probe's color was read with a digital color reader (DCReader, Woods End Laboratory) to determine the amount of CO 2 respired and results were reported as SSCB-C in milligrams per kilogram.
Statistical Analyses
The data were pooled across the 3-yr study so that conclusions could be made about turfgrass performance for any given year. For the relationship between turfgrass responses and SSCB-C concentrations, relative values were used for data analyses because turfgrass responses vary year to year. Because a plateau response was not observed with any of the variables measured as a function of SSCB-C concentrations, relative values were calculated by first taking the mean of the six highest values for a particular variable within a given year and within a given species (all urea, organic-fertilizer, and control plots were included). Next, each value for that particular variable was divided by the average value from the six high-performing plots to obtain the relative value within a given year and within a given species (this step was performed on all plots).
Statistical analyses were performed using various procedures of the SAS/STAT 14.3 software (SAS Institute, 2017). The REG procedure was used to analyze the simple linear regression model for turfgrass relative growth and quality responses in relation to SSCB-C concentrations. Binary logistic regression was performed using the LOGISTIC procedure with the model {a + bx = ln[p/ (1 − p)]}, where a is the intercept, b is the slope, x is the SSCB-C concentration, and p is the probability of turfgrass response being equal to or greater than the benchmark values. Binary logistic regression calculated the probability that for any given SSCB-C concentration turfgrass response from a plot receiving organic fertilizer will be equal to or exceed a benchmark value. In this study, the benchmark values were the yearly mean turfgrass growth and quality responses obtained from each of the four different urea N rates (50, 100, 150, and 200 kg ha −1 yr −1 ). For the binary logistic regression procedure, turfgrass responses from the organic-fertilizer plots were pooled within years and within species to generate binary variables in relation to the urea responses. If the organic fertilizer plot's response was equal to or exceeded the benchmark urea value from the same year and the same species, a value of 1 was assigned, and if not, a value of 0 was assigned. The equation to estimate the probability (p) at any given SSCB-C concentration (x) under these conditions was p = 1 − {1/ [1 + EXP(INTERCEPT + SLOPEX)]}. There was no need to convert turfgrass growth and quality responses into relative values as was done for the linear regression models because they were converted to binary variables (1 or 0) in relation to urea responses within the same year and the same species. The binary responses for each variable were pooled across years for the logistic regression models. An additional binary logistic regression model was constructed by pooling the binary responses from all variables into a single variable (all) to determine overall probability outcomes to SSCB-C concentrations across all variables. In this model, each variable was given equal weight with respect to its influence on the overall model outcomes. Significance of the logistic regression models was determined by the Wald test where the null hypothesis is that the slope parameter is equal to zero. The null hypothesis was rejected when P £ 0.05.
Predicted critical SSCB-C concentrations corresponding to turfgrass performance measurements that were equal to or exceeded a benchmark urea value at selected P levels of 0.33, 0.67, and 0.90 were calculated by using the slope and intercept parameters obtained from the binary logistic regression model described above. Therefore, the equation to predict a SSCB-C concentration (x) at the selected probabilities (p) of 0.33, 0.67, and 0.90 was X = {LN[1/(1 − p) − 1] − INTERCEPT}/SLOPE.
RESULTS
Weather Data
Weather data, with 30-yr normals, are shown in Fig. 1 . The 2015 and 2016 growing seasons (May-October) the organic fertilizer responses in Fig. 2 . This overlay helps visualize the concept of the binary logistic regression where responses equal or greater than the urea benchmark values are assigned a value of 1, and those below are assigned a value of 0 in relation to the SSCB-C concentrations.
Predicting the Probability of Turfgrass Response Equaling or Exceeding the Benchmark Urea Values in Relation to Solvita CO 2 -Burst Carbon Concentrations
The probability curves in Fig. 3 generated from equations with the binary logistic regression coefficients in Table 1 show that, in general, turfgrass soils with higher SSCB-C concentrations correspond with a higher probability of equaling or exceeding the responses obtained from urea rates of 50 to 200 kg N ha −1 yr −1 . There was still considerable uncertainty in the model predictions due to relatively high variability in SSCB-C concentrations. Model fits were better for Kentucky bluegrass than for tall fescue. All binary logistic regression models were significant (Wald P < 0.05, Table 1) for Kentucky bluegrass and for the combined response of both species, but not all models for tall fescue were significant (P > 0.05 for NDVI for the urea rates of 150 and 200 kg N ha −1 yr −1 , Table 1 ).
Categorizing Nitrogen Responsiveness of Turfgrass Soils and Guiding Turfgrass Nitrogen Fertilization Based on Solvita CO 2 -Burst Carbon Concentrations
Selected probabilities (P =0.33, 0.67, and 0.90) of equaling or exceeding benchmark responses from the four urea rates were used to create response categories based on how likely it is that turfgrass will equal or exceed urea benchmark responses according to SSCB-C concentrations (Fig. 4) . Subsequently, decisions can be made about how much N fertilization cool-season turfgrass lawns should receive to match performance goals obtained from common urea N rates. Although the P levels of 0.33, 0.67, and 0.90 are somewhat arbitrary, they represent a reasonable delineation of response categories in relation to N fertilization. The coefficients provided in Table 1 will allow for the determination of SSCB-C critical concentrations for any desired P level. The probability curves generated for the combined responses of all variables across both bluegrass and tall fescue from the organic fertilizer plots that are equal to or greater than the responses obtained from urea treatments at rates of 50, 100, 150, and 200 kg N ha −1 yr −1 , delineated with P = 0.33, 0.67, and 0.90 obtained from Table 2 , are shown in Fig. 4A, 4B , 4C, and 4D, respectively. From these, response categories for equaling or exceeding the urea N fertilization benchmarks are inferred. To illustrate this, an expanded plot for the 150-kg N ha −1 yr −1 urea treatment is shown in Fig. 4 E. were notably warmer than normal (6.0 and 6.1% higher than normal high monthly temperatures, respectively). Monthly minimum temperatures during the May through October growing season were all above normal. Only 17 mm of rain fell in May 2015, which is only 6.8% of normal, making it an extremely dry month. The years 2015 and 2016 had 16 and 21% less rain than normal, respectively, during the May to October growing season.
Turfgrass Growth and Quality Responses in Relation to Solvita CO 2 -Burst Carbon Concentrations
As SSCB-C concentrations increased, there was a significant (P < 0.001) linear increase in turfgrass growth and quality responses (Fig. 2) . No plateau responses were observed in relation to the SSCB-C concentrations. Although the linear models were significant, there was considerable variation in the responses resulting in low coefficients of determination (r 2 ranged from 0.059 to 0.342). For every variable, the model fits were better for Kentucky bluegrass than for tall fescue. The relative responses associated with the urea treatments, averaged across years, are overlaid onto 
DISCUSSION Turfgrass Response in Relation to the Solvita CO 2 -Burst Carbon Concentrations
The linear relationships between SSCB-C concentrations and all five turfgrass responses were significant (P < 0.001, Fig. 2 ). Although these responses are from a limited 3-yr dataset on one soil type, the overall positive linear trends suggest that SSCB-C concentrations from a single spring soil sample have utility as a predictor of turfgrass response, but with relatively high uncertainty. Only 5.9 to 34.2% of the variability in the responses was explained by the linear model. This is not unusual considering the inherent spatial and temporal biological variability associated with soil CO 2 respiration. In relation to the current recommendations for turfgrass N fertilization that do not account for labile or mineralizable C and its relationship to N mineralization, the SSCB test offers a step forward in developing objective guides to turfgrass N fertilization.
Linear regression models fits (r 2 ) were better for Kentucky bluegrass than for tall fescue (Fig. 2) . This may be due to differences in the amount and composition of exudates released by each species into the rhizosphere, and in the associated microbial communities that develop in each rhizosphere. Several studies have observed the effects of dominant plant species on soil microbial communities (Bardgett et al., 1999; Grayston et al., 2004) . Root exudates from different grass species are chemically different (Vančura, 1964; Klein et al., 1988) and are an important nutrient source for soil microbes in the rhizosphere (Bardgett et al., 1999) . The SSCB test, like other tests for soil microbial respiration, measures CO 2 respiration from all microbes present in the soil and not just from those involved in N mineralization (Parkin et al., 1996) . Therefore, it may not be the most accurate in predicting N fertilization requirements under all conditions. The SSCB test does, however, at least give a reference point by which N fertilization recommendations can be developed. More research is needed to determine compositional differences in the rhizosphere microbial communities between Kentucky bluegrass and tall fescue turfgrass systems and the effects on SSCB-C concentrations.
Differences in species responses to SSCB-C concentrations could also be attributed to rooting depths. Soil samples in this study were taken to a depth of 10 cm. Kentucky bluegrass roots have been observed to grow mainly to a depth of 10 cm (Sprague, 1933) . Tall fescue generally has a greater rooting depth and was reported as having a mean rooting depth of 50.7 cm in our southern New England region (Brown et al., 2010) . Soil microbes are typically associated with labile fractions of SOM (Alvarez and Alvarez, 2000) and comparing soil CO 2 respiration across species with different rooting depths using a constant soil sampling depth may favor the species whose rooting depth is most similar to the soil sampling depth. The soil samples from our study probably captured the rhizosphere of Kentucky bluegrass more completely than the rhizosphere of tall fescue at a sampling depth of 0 to 10 cm. Soil microbes associated with tall fescue rhizospheres beyond a 10-cm depth are excluded from analysis, and this omission may contribute to the higher variation for tall fescue soil samples analyzed with the SSCB test. Rooting depths of turfgrasses may have to be taken into consideration when using the SSCB test as a guide for N fertilization.
The SSCB test has been reported to distinguish CO 2 respiration differences between various treatment effects in cropped and noncropped situations (Goupil and Nkongolo. 2014; Sadeghpour et al., 2016; Sciarappa et al., 2017; Mureva and Ward, 2017; Ward et al., 2017; Chahal and van Eerd, 2018; Norris et al., 2018) . As a predictor of plant growth or crop yield, though, the SSCB test has not been reliable or consistent in the few published peer-reviewed field studies that used this test (Castro Bustamante and Hartz, 2016; Ward et al., 2017; Chahal and van Eerd, 2018; Bamber et al., 2018; Norris et al., 2018) . We could not find any reports of evaluating the SSCB test in a turfgrass system. However, since the SSCB is correlated to water-extractable C (Haney et al., 2012; Castro Bustamante and Hartz, 2016) , which is considered to be labile, this test should predict similarly to any labile C test in a turfgrass system.
Across a 5-yr study, Kentucky bluegrass and tall fescue lawn responses were positively and linearly related with labile soil C as measured by POXC concentrations (Geng Fig. 3 . Probability curves of obtaining normalized difference vegetative index (NDVI), chlorophyll index (CI), clippings yield (yield), clippings total N concentration (TN), and clippings total N uptake (NUP) responses from the organic fertilizer plots equal to or greater than the responses obtained from urea treatments at rates of 50, 100, 150, and 200 kg N ha −1 yr −1 in relation to Solvita Soil CO 2 -Burst (SSCB)-C concentrations for Kentucky bluegrass, tall fescue (TF), and both species combined when managed as a lawn. Data are pooled across years for a study conducted in Storrs, CT, from 2014 CT, from through 2016 CT, from . et al., 2014 . By the fifth year of the study, r 2 values of the linear regressions were in the range of 0.52 to 0.65 across all response variables except for total clippings N responses, which were slightly lower (0.40 to 0.65). Turfgrass responses to soil labile C concentrations showed better fits when determined by the POXC test (Geng et al., 2014) than when determined by the SSCB test in this study (r 2 range from 0.059 to 0.342, Fig. 2 ). This comparison of POXC and SSCB test results is warranted because both studies used the same turfgrass species and the same study site, although the study years were different. Both the POXC and SSCB tests are becoming more widely included as part of soil health tests at commercial and governmental soil testing laboratories. Therefore, there should be more opportunities for labile or active C testing in turfgrass systems across different climatic and soils regions.
Probability of Turfgrass Response Equaling or Exceeding Benchmark Turfgrass Performance Values in Relation to Solvita CO 2 -Burst Carbon Concentrations
Previous research on the same plots used in this study suggested that labile soil C concentrations as determined by the POXC test from a spring sampling could be used to determine the probability of obtaining an N fertilization response in Kentucky bluegrass and tall fescue lawns (Geng et al., 2014) . When POXC concentrations combined across both species were ³1212 mg kg −1 , there was a high probability (³90%) of NDVI responses equaling or exceeding benchmark NDVI values generated from plots receiving urea rates of 150 and 200 kg N ha −1 yr −1 . Conversely, when POXC concentrations were £971 mg kg −1 there was a very low probability (£10%) of NDVI responses equaling or exceeding those same benchmark NDVI values. Similar to these probabilities in relation to POXC concentrations, probability curves of cool-season turfgrass responses in relation to SSCB-C concentrations were developed (Fig. 3) using the equation coefficients in Table 1 . When spring SSCB-C concentrations from a single spring soil sampling were ³91, 113, 166, and 211 mg kg −1 , there was a 90% or greater probability that overall combined responses across both species would be equal to or greater than responses obtained from plots fertilized at rates of 50, 100, 150, and 200 kg urea N ha −1 yr −1 , respectively (Table 2 ). This suggests that the need for additional N would be greatly reduced when Table 1 . Binary logistic regression coefficients and parameters for turfgrass responses in relation to Solvita Soil CO 2 -Burst test concentrations at different benchmark urea rates. Turfgrass responses are normalized difference vegetation index (NDVI), chlorophyll index (CI), clippings yield (yield), clippings total N concentration (TN), clippings total N uptake (NUP), and all variables combined (all). Data are reported for years 2014 through 2016 from a study conducted in Storrs, CT. SSCB-C concentrations reached these levels. Conversely, when spring soil SSCB-C concentrations were £61 mg kg −1 there was a 33% or lower probability that overall combined responses across species would be equal to or greater than responses obtained from 200 kg urea N ha −1 yr −1 (Table 2) . In this scenario, there would be a good chance of obtaining positive responses from N fertilization to meet 200-kg urea N ha −1 yr −1 benchmark values. Based on Wald P values, the binary logistic regression models were statistically significant (except for the tall fescue NDVI models at the 150-and 200-kg urea N ha −1 yr −1 benchmark urea N rates). This suggested that the SSCB test could be used to predict the likelihood of predominantly Kentucky bluegrass or tall fescue lawns' performance equaling or exceeding urea benchmark values with a moderate level of confidence prior to a fertilizer application for most growth and quality indicators. However, there was considerable variability in the models as indicated by the relatively low maximum rescaled r 2 values. This was not unexpected due to the inherent variability associated with SOM mineralization and labile C fraction liberation in soils during and across growing seasons (Barrett et al., 2002) . In the companion paper (Moore et al., 2019) , binary logistic regression model fits and predictions were better for Solvita Labile Amino-Nitrogen (SLAN)-N concentrations with the same response variables, further indicating the higher variability associated with a biological test compared with a chemical test. The SLAN test results, however, were compiled across 9 yr as opposed to the 3-yr evaluations with the SSCB test reported herein. With biological tests, >3 yr may be required to better evaluate the model fits and predictions for turfgrass sites.
Categorizing Nitrogen Responsiveness of Turfgrass Soils and Guiding Turfgrass Nitrogen Fertilization Based on Solvita CO 2 -Burst Carbon Concentrations
Based on the categories proposed in Fig. 4 , it is suggested that when SSCB-C concentrations are associated with P Fig. 4 . Probability curves of all variables combined across Kentucky bluegrass and tall fescue lawn responses from the organic fertilizer plots. Curves represent the probabilities that turfgrass responses from organic fertilizer plots will be equal to or greater than the responses obtained from urea treatments at rates of (A) 50, (B) 100, (C) 150, and (D) 200 kg N ha −1 yr −1 in relation to Solvita Soil CO 2 -Burst (SSCB)-C concentrations. Proposed categories of responses equal to or greater than the urea 150-kg N ha −1 yr −1 treatment are shown in an expanded scale in Panel E. Solid, dotted, and dashed horizontal lines indicate P values of 0.33, 0.67, and 0.90, respectively, obtained from Table 2 . Data are pooled across years for a study conducted in Storrs, CT, from 2014 through 2016. £ 0.33, there is a very low to low probability of obtaining responses equal to or greater than the urea benchmark responses; when SSCB-C concentrations are between P = 0.33 and P = 0.67, there is a low to moderate probability of obtaining responses equal to or greater than the urea benchmark response; when SSCB-C concentrations are between P = 0.67 and P = 0.90, there is a moderate to high probability of obtaining responses equal to or greater than the urea benchmark responses; and when SSCB-C concentrations are at P ³ 0.90, there is a high to very high probability of obtaining responses equal to or greater than the urea benchmark responses. The goal of using a SSCB test to guide N fertilization for turfgrasses would be to recommend a specific amount of N needed for optimum response for any specific SSCB-C concentration. This study was not designed to answer that question; follow-up calibration studies are required. Until those studies are conducted, we suggest that turfgrass lawn soils in our climate with SSCB-C concentrations that fall below the P = 0.33 cutoff receive the full currently recommended N rate; turfgrass lawn soils in our climate with SSCB-C concentrations that fall between the P = 0.33 and the P = 0.67 cutoffs receive half to two-thirds of the currently recommended N rate; those with SSCB-C concentrations that fall between the P = 0.67 and the P = 0.90 cutoffs receive one-third to half of the currently recommended N rate; and those with SSCB-C concentrations that fall above the P = 0.90 cutoff receive little to no additional N fertilization. This would assume that optimum conditions for mineralization would be present across the growing season. More research is needed to quantify the amount of N fertilizer required for a given SSCB-C concentration. Another approach to using the P values to guide N fertilization is for turfgrass managers to apply (1 − P) ´ the full rate of N fertilization, where P is the probability of equaling or exceeding the benchmark urea response based on the SSCB-C concentration.
CONCLUSIONS
This study suggests that cool-season turfgrass lawn responses are positively correlated with SSCB-C concentrations and turfgrass soils can be categorized by their probability of equaling or exceeding urea benchmark values based on these SSCB-C concentrations. Relatively high variability in the test, however, will introduce more uncertainty in the prediction outcomes. The SSCB test can detect turfgrass soils with high biological activity, and this should allow for reduced rates of N fertilization without losses in turfgrass performance. Low-mineralization sites that justify higher N inputs can also be detected with the SSCB test. At our location, the SSCB test was performed on a single spring soil sample, which is consistent with current industry practices. The SSCB test would fit in easily with current routine soil testing procedures. Future research is warranted for different soils, turfgrass species, and climates to determine if the SSCB test is a robust predictor of turfgrass response under these varying conditions.
Conflict of Interest
Author William F. Brinton is CEO/Chief Science Officer for Woods End Laboratories. This company is the distributor of the SSCB test used and reported in the study. Karl Guillard, the corresponding author, has a research collaboration with Woods End Laboratories where he receives a 25 to 50% discount on the gel probes used in the research. William Brinton's input was for consultation and review of manuscripts. He had no influence on the reporting of the results or conclusions and could not prevent the reporting or publishing of the results of the study per signed agreement with the University of Connecticut.
